SYNOPSIS. Recent evidence suggests Ihat amphibians represent a key transition stage in the evolution of immunological competence. In particular, anuran amphibians exhibit a significant advance relative to more primitive vertebrates in their capacity to synthesize two distinct classes of immunoglobulins in response to antigenic stimulation. These two classes of antibody molecule resemble the yM and yG antibodies of man in size and polypeptide chain structure. Furthermore, cellular aspects of antibodyproduction in anura resemble those of mammals in the method of retention of antigen and the range of antibody-forming cells (lymphocytes to plasma cells).
INTRODUCTION
Antibody-formation is a process of differentiation in which a chemically defined antigenic stimulus activates certain lymphoid receptor cells and elicits a sequence of cellular differentiation and division culminating in the production of antibodies specific to the challenging agent. In this paper, I shall provide evidence that antibody-production in anuran amphibians resembles that of mammals in general cellular aspects and in types of antibodies produced. Although the discussion must consider primarily studies of anura because of the relative lack of investigation of antibody-formation in urodeles and apoda, I shall review the information available on these amphibian groups. The eventual goals of the present analysis are to place the immune response of amphibians within the context of the phylogenetic emerOriginal observations reported here were supported by grant AI-09431 from the United States National Institute of Allergy and Infectious Diseases. This is publication no. 1493 from The Walter and Eliza Hall Institute of Medical Research.
gence of antibodies and to clarify the roles which certain aspects of amphibian immunity and development may play in the elucidation of basic immunological mechanisms.
KINETIC AND CELLULAR PARAMETERS OF ANTIBODY PRODUCTION IN ANURA
Although much of the early literature provided examples suggesting a lack of immunological responsiveness in anurans (Goodner, 1926; Bissett, 1947) , recent studies have shown that these ectothermic species often rival mammals in the vigor of their immune reactions. Frogs and toads respond to a variety of antigens including erythrocytes, bacteria, viruses and heterologous serum proteins (Trnka and Franek, 1960; Coe, 1970; Alcock, 1965; Marchalonis and Edelman, 1966a; Lykakis, 1969) . Larval Rana catesbeiana are even capable of producing antibodies to adult bullfrog hemoglobins (Maniatis, Steiner, and Tngram, 1969 Marchalonis, 1970; Marchalonis and Germain, 1971) have found the marine toad Bufo marinus to be a useful model for studying antibody-formation in anura. This tropical species can be maintained successfully at 37°C and exhibits a vigorous response to Salmonella adelaide flagellar antigens and mammalian serum proteins. Our investigations of this system have been directed towards gaining detailed information on the following aspects of antibodyformation: (1) kinetics of appearance of antibodies and antibody-forming cells, (2) retention and processing of antigen, (3) induction of tolerance to protein antigens, and (4) nature of the antibodies produced.
Injection of B. marinus with 5. adelaide flagella induced the immune response depicted in Figure 1 . The animals were each given a single intraperitoneal injection consisting of 100 /jg of antigen and were maintained at 37°C. Serum antibody titers were measured by the bacterial immobilization technique of Ada et aL(J964); antibody-forming cells (AFC) obtained from the spleens were quantified according to the immunocytoadherence colony method of Diener (1968) . A significant number of antibody-forming cells was first observed at 3 days following immunization and a plateau was reached at 7 days. Antibody titers lagged slightly behind, but the peak was reached by 14 days. The titers and numbers of antibody-forming cells observed here were comparable in magnitude to those obtained in mice or rats following primary stimulation with this antigen.
The immunocytoadherence technique used to enumerate AFC lent itself readily to the identification of the cells involved. Figure 2 presents a selection of AFC as they appear in histological smears. The AFC are distinguished by their coronae of adherent bacteria. The variety of cell types resembled that observed in mice (Russell and Diener, 1970) . The AFC population in toads consisted of lymphocytes (Fig. 2a) , immunoblasts ( Fig. 2b and c) , and plasma cells (Fig. 2d) . The lymphocytes constituted a large fraction of the AFC population at early stages of the response (<1 week) and the larger cells predominated at later times (10-28 days). Studies involving uptake of tritiated thymidine into AFC indicated that the exponential rise in numbers of these cells was due chiefly to cell division. A dividing immunoblast which has incorporated 3 H-thymidine is shown in Figure 2c .
This species of toad possesses lymphoid organs termed jugular bodies (Kent, Evans, and Attleberger, 1964; Diener and Nossal, 1966) which bear some resemblance to the lymph nodes of mammals. Diener and I (Diener and Marchalonis, 1970) , injected the toads with 125 Ilabelled flagella in order to determine the mode of antigen retention in these structures. In mammals, two types of antigen localization occur in lymph nodes (Nossal, 1967) . One type which predominates in the medulla is characterized by ingestion of antigen by macrophages. The second type, termed follicular localization, in- follicles. Electron microscopic autoradiography of labelled toad jugular bodies disclosed only the latter process to be involved in retention of flagellar antigen.
In most respects the toad's primary response to flagella was very similar to that given by mammals to the same antigen. However, we observed a number of differences which warrant comment, namely: (1) The toads did not show an enhanced response resembling immunological memodividing immunoblast labelled with tritiated thymidine (autoradiography); (d) immature plasma cell with nucleus labelled with tritiated thymidine (autoradiography). X2200 ry upon secondary stimulation with flagella. (2) Repeated injections of adult toads with large doses of the antigen failed to induce a specific lack of response of the type termed high zone tolerance in mammals. (3) As I shall discuss at length later, only high molecular weight antibodies were produced. Independent investigations by Evans and his co-workers (1966) confirmed the lack both of immunological memory and of low molecular weight antibodies to Salmonella antigens. This group showed, in addition, that B. marinus was capable of mounting an enhanced secondary response to bacteriophage T 2 .
INDUCTION OF HIGH ZONE TOLERANCE TO A PROTEIN ANTIGEN
Since serum proteins such as bovine serum albumin (BSA) are effective in inducing tolerance in adult mice (Mitchison, 1964) , Germain and I (Marchalonis and Germain, 1971 ) used this antigen to continue our studies of immunological tolerance in anura. We found that high doses of soluble BSA did not induce antibodies in toads. Furthermore, such treatment specifically suppressed the capacity of the animals to form antibodies to this antigen, even when immunization was carried out in adjuvant to provide maximal stimulation of the immune system. This pretreatment with BSA did not affect the ability of toads to mount an immune response to the unrelated antigen human yG immunoglobulin.
The immunosuppressive effect of large doses of BSA is illustrated in Figure 3 which compares the kinetics of clearance of radioactively-labelled BSA from control and immunologically supressed animals. These data show that toads given high doses of BSA exhibit only non-immune metabolic clearance (Talmage et al., 1951) when challenged with an immunogenic dose. Control animals, in contrast, eliminate the antigen in a non-immune fashion for approximately 8 days then switch to a rapid immune clearance of the protein. Furthermore, control toads possessed no detectable 125 I-labelled BSA by day 22 after injection and exhibited passive hemagglutination titers ranging from 64 to 256 at that time.
Our findings on the induction of high zone tolerance to BSA in toads paralleled Mitchison's observations with mice (1964) . The doses required to induce either antibody-production or tolerance, when normalized to a dosage per gram of body weight basis, were quantitatively very simi- lar in these phylogenetically diverse species. Furthermore, the ease by which tolerance was induced in B. marinus may account in part for many of the early difficulties incurred in immunizing amphibian species.
IMMUNOGLOBULINS OF ANURA
The preceding data have established that anuran amphibians resemble mammals in general aspects of antibodyformation. This section will marshall evidence showing that these species also resemble mammals in types of antibodies produced.
The major structural properties of mammalian immunoglobulins are illustrated in Figure 4 which presents a diagrammatic representation of the human yG or 7S immunoglobulin molecule (See Cohen and Milstein, 1967, and Gall, 1969 , for recent reviews). These proteins are composed of two types of polypeptide chains, termed light chains and heavy chains. The basic pattern of immunoglobulin structure is a unit consisting of 2 pairs of light and heavy chains. Each light chain is paired with a heavy chain, and this interaction is necessary to form the specific binding site for antigen. The light chains and heavy chains are usually linked covalently through disulfide bonds. A unique property of immunoglobulins is that the polypeptide chains possess distinct sections termed variable (V) regions which are characterized by marked heterogeneity in amino acid sequence in molecules produced by a normal individual. Recent evidence suggests that this variability is correlated with the binding specificity of the particular antibody.
The other immunoglobulin classes of man share the same light chains, but are distinguished by the presence of class distinctive heavy chains. The yM or 19S immunoglobulin contains a heavy chain termed the ^-chain, rather than the y-chain of the yG protein. An additional characteristic of the yM immunoglobulin is that the molecule usually exists as a polymer containing five units, each of which is generally similar to the yG molecule. Man possesses three other immunoglobulin classses; yA, yD, and yE which are defined in an analogous fashion.
The basic pattern of immunoglobulin structure, i.e. two types of polypeptide chains and diverse heterogeneity in amino acid sequence, is characteristic of antibodies produced by even the most primitive of living vertebrates (Marchalonis, 1970) . Cyclostomes (Marchalonis and Edelman, 1968) and elasmobranchs (Marchalonis and Edelman, 1965, 1966&; Clem and Small, 1967; Suran and Papermaster, 1967) possess immunoglobulins consisting of light and heavy polypeptide chains which resemble those of mammals in molecular weight, electrophoretic properties, and amino acid composition. Although antibodies of different molecular weights may be present in these lower species, they represent one immunoglobulin class inasmuch as the same type of heavy chain occurs in both. This class of molecules resembles Hhe yM macroglobulins of mammals. To date molecules structurally similar to human yG antibodies have not been observed in vertebrates more primitive than amphibians. Uhr, Finkelstein, and Franklin (1962) first reported that an anuran amphibian,' the bullfrog, formed both 19S and 7S antibodies in response to immunization with bacteriophage <£X174. However, studies of the polypeptide subunit structure of these immunoglobulins were required in order to determine their class relationships. We (Marchalonis and Edelman, 1966a ) confirmed the presence of 19S and 7S antibodies using bacteriophage f2 as antigerf (Fig. 5) . Bullfrogs were given a single injection of the antigen, and sera obtained at various times after immunization were fractioned by ultracentrifugation on linear gradients of sucrose to resolve proteins of different molecular weights. Early antibody activity was limited to the 19S molecules. Low molecular weight antibodies first appeared at 35 days after immunization. By day 58, over 90% of the antibody activity was localized in the 7S proteins.
Another feature of this diagram which warrants discussion is the slowness of the. response relative to that of B. marinus observed the critical importance of temshown in Figure 1 . The bullfrogs studied perature on antibody-formation in ectohere were maintained at 22°C, whereas the thermic species. toads were kept at an ambient temperature The 19S and 7S immunoglobulins of the of 37°C. Widal and Sicard (1897) respectively, of mammals in polypeptide chain structure. They were antigenically related through the presence of shared light chains and distinguished inasmuch as the former possessed ^.-chains and the latter possessed y-type heavy chains. A similar result obtained with the marine toad. Figure 6 depicts the electrophoretic patterns obtained by subjecting human and toad immunoglobulins to disc electrophoresis. The proteins were reduced and alkylated to cleave interchain disulfide bonds and electrophoresis was performed in the presence of 9 M urea, 10% acetic acid in order to disrupt hydrophobic interactions and facilitate the separation of light chains from heavy chains. The toad proteins possessed light chains which exhibited a mobility and diffuse heterogeneity similar to that of light chains from normal human yG immunoglobulin. Contrast this with the sharp band given by the human yM myeloma protein (origin 2). Patients suffering from multiple myeloma, a cancer of the lymphatic system, often secrete large amounts of homogeneous immunoglobulin such as this. The heavy chain of the toad 19S protein penetrated the acrylamide gel to an extent comparable to that of the human /t-chain; that of the anuran 7S protein was similar to the human y-chain. In addition to B. "marinus and R. catesbeiana which represent advanced species of anuran amphibians, we studied the immunoglobulins of the clawed toad Xenopus laevis (Marchalonis, Allen, and Saarni, 1970) . On the basis of morphological (Noble, T931) and karyotypic (Morescalchi, 1968) considerations, this species is considered more primitive than either of the above species. Xenopus responded to injection of Limulus hemocyanin by producing 19S and 7S antibodies which constituted distinct classes resembling yM and yG in size and polypeptide chain structure. Table 1 summarizes data on the polypeptide chain structure of immunoglobulitis of anuran species.
I previously presented data to the effect that B. marinus produced only yM antibodies to S. adelaide flagella. This restriction of antibody activity to yM molecules • Data of Marchalonis and Edelman (1966a) . b Data of Marchalonis et al. (1970) . c Data listed by Edelman and Gall (1969) .
did not obtain when the toads were immunized with BSA. Acton et al. (1969) independently confirmed this observation. The available evidence suggests that anuran amphibians and reptiles (Diener and Marchalonis, 1970; Marchalonis, Ealey, and Diener, 1969; Maung, 1963; Acton et al., 1969) which possess distinct immunoglobulin classes can form only yM antibodies in response to bacterial antigens. This fact, coupled .with the apparent lack of immunological memory and tolerance to these antigens, suggests that the type of antigen used plays a major role in determining the qualitative nature of the antibody response evoked. Serum proteins and bacteriophage appear to elicit classical antibodyformation in anura. The cellular and molecular events responsible for these disparities in response merit further investigation. The present data establish that anuran amphibians resemble mammals in possessing both yM and yG antibodies. They are the most primitive vertebrates yet studied which form immunoglobulins similar to yG in polypeptide chain structure.
IMMUNOGLOBULINS OF LARVAL ANURA
All of the above studies were carried out on adult animals. The free-living larval stages of anura allow the opportunity to perform detailed investigations on animals in which the lymphoid system is extremely primitive. Larval Ranid frogs are capable of rejecting homografts and producing circulating antibodies (Hildemann and Haas, 1959; Hildemann, 1966; Cooper, Pinker ton, and Hildemann, 1964) . Furthermore Du Pasquier (1970) has recently shown that Alytes tadpoles are immunologically competent at a stage in which they possess less than one million lymphocytes. This system contrasts markedly with a usual immunological model such as the adult mouse which contains 10 s -10 9 lymphocytes.
The determination of the types of immunoglobulin present in larval anura presented an experimental challenge because of the small size of early tadpoles and the minute quantities of sera available. I approached this problem by radioactively-labelling tadpole serum proteins with 125 I-iodide, then adding the labelled protein to sufficient quantities of frog serum to enable standard fractionations of immunoglobulins. The application of techniques involving electrophoresis and gel filtration showed that R. pipiens tadpoles possessed molecules resembling the yM immunoglobulins of the adult frog in mobility and size. Furthermore, rabbit antisera to frog yM enabled the positive identification of yM immunoglobulin in tadpole serum (Fig. 7) . Under conditions which were capable of resolving 1-10 nanograms of protein, yM molecules were first detected in tadpoles at developmental stage 25 (after Witschi, 1956) . At no time during the larval stages was yG detected.
The fact that tadpole immunoglobulin is identical to a major antibody class of the adult is in contrast to results of recent studies of other biochemical systems in Ranid larvae. Glutamate dehydrogenase (Cohen, 1970) and hemoglobin (Maniatis et al., 1969) of larval bullfrogs differ markedly from those of the adult frog. The present results parallel the ontogenetic emergence of immunoglobulin classes in birds and mammals (Good and Papermaster, 1964) . In these species, the embryo or fetus can synthesize yM mole- cules but cannot produce yG until sometime after birth.
IMMUNOGLOBULINS OF URODELES
Our knowledge of antibody-formation and immunoglobulins in urodeles is sparse at present. Three groups have reported that axolotls (Ambystoma mexicanum) can form antibodies to bacteriophage. Ching and Wedgewood (1967) observed both high molecular weight and low molecular weight antibodies to the bacteriophage 0X174. In contrast Fougereau and Houdayer (1968) and Ambrosius (personal communication) found only high molecular weight antibodies to other phages. In preliminary studies of another urodele, Cohen and I (unpublished observations) found that unimmunized Necturus possess only 19S yM immunoglobulins. No 7S immunoglobulin was detectable.
Although no studies of the subunit structure of axolotl macroglobulin antibody have been performed, the existence of yM molecules in all vertebrate species studied renders it probable that this axolotl protein is likewise yM. The existence of a low molecular weight protein similar to yG antibody in urodeles is a critical point which merits further investigation. If urodeles possess only yM, the yG-type molecules of anura may have emerged after the phylogenetic divergence of these two amphibian lines. In this case, the low molecular weight immunoglobulins of anura may not be directly homologous to mammalian yG, but represent a parallel evolutionary development.
An alternative interpretation exists, however. Urodeles such as the axolotl and Necturus are neotenic or essentially larval forms. The presence of only yM immunoglobulin may resemble the situation in R. pipiens tadpoles. Critical experiments to distinguish among these possibilities require studies of transformed axolotls (tiger salamanders) or other salamanders possessing distinct larval and adult stages.
DISCUSSION
The data cited here justify the conclusion that antibody production in anuran amphibians resembles that of mammals in general cellular aspects and in types of antibodies produced. Antigen is localized in toad jugular bodies by a process similar to follicular localization in rat lymph nodes. A series of lymphoid cells originating with lymphocytes and terminating with plasma cells arise by division from stimulated precursor cells and synthesize antibodies. All anura studied possess distinct types of immunoglobulins which correspond to the yM and yG classes of man in size and polypeptide chain structure. These species represent the lowest groups of vertebrates which contain antibodies similar to the yG class of mammals. Although certain identification of the anuran y-type heavy chain as homologous to the y-chain of mammals requires detailed amino acid sequence information, the present data are consistent with the proposal that the y-chain emerged phylogenetically between the Dipnoi and the primitive anura. The presence of multiple immunoglobulin classes in urodeles requires further investigation.
The amphibians, in addition, provide experimental opportunities to approach basic immunological questions which are relatively inaccessible in mammals. Three of these issues which have been illustrated here are as follows: (1) Temperature plays a major role in the time of appearance of AFC and antibodies in ectothermic species. The exact mechanistic details of this phenomenon have not been determined but present evidence suggests that alteration of temperature may be a functional means of disengaging antigen processing from antibody-formation. (2) Different types of antigen induce qualitatively dissimilar antibody responses. Flagella antigens elicit a pure yM response which apparently lacks the capacity for immunological memory and tolerance. In contrast, serum proteins and bacteriophage evoke classical responses involving synthesis of •yM and yG antibodies and possibilities for the induction of memory and tolerance. The mechanisms underlying this schism in antibody-production obviously merit future detailed investigation. (3) The fact that anura possess a free living larval stage which shows a progressive development of immunological competence renders them an excellent system to study the ontogenetic emergence of immunoglobulin synthesis. I presented evidence that tadpoles resemble more primitive vertebrates in producing only yM immunoglobulins whereas adults can form at least two classes. The larvae can provide information on the activation of genes specifying immunoglobulins and upon the regulation of cellular synthesis of these proteins. This particular area represents a juncture at which the developmental properties of the anura aid the immunologist to elucidate basic mechanisms of antibody production and the application of specialized immunological techniques enables the developmental biologist to delve further into the mechanisms of differentiation.
